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We found similarities between the effects of low night tempera-
tures (5°C–10°C) and slowly imposed water stress on photosynthe-
sis in grapevine (Vitis vinifera L.) leaves. Exposure of plants growing
outdoors to successive chilling nights caused light- and CO2-
saturated photosynthetic O2 evolution to decline to zero within 5 d.
Plants recovered after four warm nights. These photosynthetic re-
sponses were confirmed in potted plants, even when roots were
heated. The inhibitory effects of chilling were greater after a period
of illumination, probably because transpiration induced higher wa-
ter deficit. Stomatal closure only accounted for part of the inhibi-
tion of photosynthesis. Fluorescence measurements showed no ev-
idence of photoinhibition, but nonphotochemical quenching
increased in stressed plants. The most characteristic response to
both stresses was an increase in the ratio of electron transport to net
O2 evolution, even at high external CO2 concentrations. Oxygen
isotope exchange revealed that this imbalance was due to increased
O2 uptake, which probably has two components: photorespiration
and the Mehler reaction. Chilling- and drought-induced water stress
enhanced both O2 uptake processes, and both processes maintained
relatively high rates of electron flow as CO2 exchange approached
zero in stressed leaves. Presumably, high electron transport associ-
ated with O2 uptake processes also maintained a high DpH, thus
affording photoprotection.

Water stress and chilling temperatures are two environ-
mental constraints that limit grapevine (Vitis vinifera L.)
photosynthesis and distribution. The former has been
shown to inhibit grapevine photosynthesis, plant growth,
and fruit size and yield (Liu et al., 1978; Schultz and
Matthews, 1988a, 1993; Winkel and Rambal, 1993; Greens-
pan et al., 1994; Delgado et al., 1995; Flexas et al., 1998,
1999; Escalona et al., 1999). There is evidence that, even at
high light intensities, the effects of water stress on grape-
vine photosynthesis are mainly related to stomatal closure,

although effects on Calvin-Benson cycle enzymes and PSII
efficiency have been also reported (Correia et al., 1995;
Chaumont et al., 1997; Escalona et al., 1999; Flexas et al.,
1998, 1999). Low temperatures also severely limit grape-
vine distribution, and this crop is only sustainable between
annual mean temperature isotherms of 10°C and 20°C
(Jackson and Schuster, 1994). Although cool-climate wine
areas such as those in the Canberra region (S.E. Australia)
have an annual mean temperature of 14°C, they experience
average minimum temperatures above 10°C only 4 months
a year, with an annual average below 6°C. Thus, it is
possible that low temperatures at night may constrain
grapevine physiology at the beginning and end of the
growing season.

Some similarities have been reported between the effects
of water stress on photosynthesis and plant function and
those caused to sensitive plants by chilling in the dark.
Root function and water transport are decreased by low
soil water temperatures because hydraulic resistance, sto-
matal conductance, and leaf transpiration are decreased
(Hällgren and Öquist, 1990). Leaf water potential in grape-
vines decreased as a result of chilling (Báló et al., 1991), but
little is known about the effects of chilling on photosyn-
thetic metabolism in these leaves.

Photosynthesis is one of the first processes to be affected
when chilling-sensitive plants are exposed to low temper-
atures. Even though molecular mechanisms of chilling
damage are still not clear, lipid composition affecting cell
membrane stability and function is thought to be the main
cause (Berry and Björkman, 1980; Hällgren and Öquist,
1990; Nishida and Murata, 1996). It is necessary to distin-
guish the effects of chilling in light or in darkness. Chilling
in darkness causes reductions in the light-saturated rate of
CO2 assimilation and PSII-associated electron transport at
room temperature in tomato (Hällgren and Öquist, 1990).
Kingston-Smith et al. (1997) reported decreases in the CO2

assimilation rate after chilling maize leaves in low light,
and Fryer et al. (1998) observed the same effects, without
effects on PSII activity, in field-grown maize during peri-
ods of low temperature. Chilling in the light may impair
activation of the carbon reduction cycle (Sassenrath et al.,
1990; Hällgren and Öquist, 1990) and lead to photoinhibi-
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tion (Öquist and Huner, 1991; Terashima et al., 1993; Jung
and Steffen, 1997). Long-term exposure to combined high
light and low temperatures is needed to photoinhibit
grapevines; short-term exposure (less than 6 h) does not
affect photochemical yields (Gamon and Pearcy, 1990; Báló
et al., 1991; Chaumont et al., 1995; Chaumont et al., 1997).
Increases in the ratio of electron transport to CO2 assimi-
lation in leaves have been reported to occur under chilling
conditions (Fryer et al., 1998) and under drought condi-
tions (Flexas et al., 1998, 1999).

We compared the effects of night chilling and slowly
applied water stress on photosynthesis in grapevine leaves.
Night chilling followed by brief illumination led to water
stress, with both stomatal and non-stomatal effects on pho-
tosynthesis. The non-stomatal responses involved in-
creased O2 uptake relative to CO2 fixation in the light. Two
components were observed: a CO2-sensitive component
present both in control and stressed leaves and thought to
be due to RuBP oxygenase, and a CO2-insensitive compo-
nent present only in stressed leaves and sometimes ac-
counting for about 30% of total electron flow, which may
represent a Mehler reaction.

MATERIALS AND METHODS

Plant Material

Leaves from mature plants of Vitis riparia Michaux (V.
lupina L.) growing in soil outdoors in a sunny environment
(usual midday PPFD of 1,800 mmol photons m22 s21) with-
out irrigation were examined. In addition, fully developed
leaves on rootlings of three cultivars of Vitis vinifera L. (cv
Chardonnay, cv Riesling, and cv Gordot) were grown in
20-L pots of soil with slow-release fertilizer inside a green-
house during October to December, 1997, in the Research
School of Biological Sciences, Canberra. The daily irradi-
ance inside the greenhouse was about 1,200 mmol photons
m22 s21; RH was maintained at 40% to 60%, with an
average minimum temperature of 20°C and a maximum
temperature of 30°C to 35°C. The plants were irrigated to
field capacity three times a week.

Chilling and Water Stress Treatments

Fully expanded leaves of V. riparia were exposed to
chilling night temperatures (8°C–11°C) outdoors in the first
week of November, 1997. Artificial cold night treatments
were done in a cold room (5°C). Potted plants of V. vinifera
(as well as stems of V. riparia cut under water) were placed
inside the cold room in darkness for 10 to 12 h. Leaves were
sampled the following morning (cold-dark treatment, CD).
Alternatively, after the cold night, plants were transferred
to a shaded area (150–200 mmol photons m22 s21) for 30
min, then exposed to direct sunlight for 60 min before
sampling (cold-light treatment, CL). An additional experi-
ment was performed with V. vinifera cv Riesling to examine
the effects of low temperature on the root system. Some
pots of plants were placed inside the cold room in a water
bath with a heater that maintained the soil and roots at
about 30°C.

Water stress was imposed slowly in the three cultivars of
V. vinifera in soil by withholding water over 10 to 12 d.
Because V. riparia plants were cultivated outdoors, it was
impossible to control the local soil water status. This ma-
terial was thus used for drastic water stress treatments
applied by allowing cut shoots to wilt at room temperature
in the laboratory.

Leaf water deficit was estimated in leaf discs similar to
those used for photosynthetic measurements by measuring
fresh weight and the weight at full turgor after 24 h in
distilled water, as follows:

100 3 ~weight at full turgor

2 fresh weight!/~weight at full turgor!.

Photosynthetic Measurements

Three types of gas-exchange measurements were per-
formed: In the first type, light response curves of O2 evo-
lution at saturating CO2 were measured with a leaf-disc
oxygen electrode (Hansatech, Kings Lynn, Norfolk, UK) as
previously described (Walker and Osmond, 1986). After
taking discs from a leaf, they were left in darkness for at
least 30 min. Before starting the measurements a 10- to
15-min pretreatment at 240 mmol photons m22 s21 was
made to allow photosynthetic induction. In the second type
of measurement, light response curves of net CO2 assimi-
lation and stomatal conductance on intact leaves in normal
air were performed outdoors or in the greenhouse using an
open-circuit gas-exchange system (Li-6400, LI-COR, Lin-
coln, NE) equipped with a halogen lamp. Response curves
of gross O2 evolution, CO2 assimilation, and O2 uptake at
saturating light (1,000 mmol photons m22 s21) were mea-
sured using leaf discs during a draw-down experiment,
starting with 3% CO2 in air in a purpose-built, closed
cuvette coupled to a mass spectrometer (model MM6, VG,
Winsford, UK). Experiments began after injection of 18O2,
as described previously (Maxwell et al., 1998).

Chlorophyll Fluorescence

Chlorophyll fluorescence was measured using a modu-
lated system (PAM 101, Walz, Effeltrich, Germany) con-
nected to the gas-exchange systems via a light guide to
allow simultaneous measurements. Dark-adapted Fv/Fm

was recorded, and DF/Fm9 was estimated under actinic
light according to the method of Genty et al. (1989). The
electron transport rate (ETR) was estimated as:

ETR 5 ~DF/F9m! 3 PPFD 3 0.5 3 0.84

assuming equal distribution of excitation between PSI and
PSII (Krall and Edwards, 1992), and that leaf absorptance
was the same as in a wide range of grapevines surveyed by
Schultz (1996). Nonphotochemical quenching (NPQ) was
calculated as:

NPQ 5 ~Fm/F9m! 2 1
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RESULTS

Effects of Low Night Temperatures in Field-Grown
Plants at the Beginning of the Summer Season

Figure 1 shows the effects of low night temperature on
photosynthesis at saturating CO2 in leaf discs from V.
riparia plants grown outdoors at the beginning of the sum-
mer season. The days before measurement had been hot
(average temperature 25°C) and sunny, with night temper-
atures above 10°C. Discs were taken pre-dawn and mea-
surements were made at 25°C on October 31 (d 1, curve 1).
After 3 d with a mean temperature between 15°C and 20°C
and night temperatures of 8°C to 9°C, drastic reductions in
light-saturated rates were observed (d 3, curve 2). After

another 2 d with a mean temperature of 18°C to 18.5°C and
night temperatures of 9.5°C, the net O2 evolution was
reduced to zero (d 5, curve 3). Curves 4 and 5 show
recovery over the following 2 d (d 6 and 7), during which
time the mean temperature was about 25°C and the mini-
mum night temperatures were 10°C to 11°C. Total recovery
of photosynthetic O2 evolution was observed after 9 d
(curve 6). Quantum yield of O2 evolution was also de-
pressed during the decrease of the light-saturated rates, but
no effect was observed on the ratio Fv/Fm (Fig. 1).

These effects were only detected in leaves from intact,
rooted plants. When shoots of V. riparia, similar to those
sampled on d 9, were cut under water and left for several
days inside a cold room in darkness, the light-response
curves of O2 evolution did not show any effect of chilling
on the maximum rates or on the quantum yield (data not
shown). Moreover, leaves on cut shoots of chilling-affected

Figure 1. Light response curves of net O2 evolution at 2.5% CO2 for
V. riparia leaves at the beginning of the growing season. Values are
average 6 SEs of three to five replicates. Curve 1 was measured
October 31 (after several days with mean temperatures above 25°C
and minimum night temperatures above 10°C). Curve 2 was mea-
sured November 3 (mean temperature previous days, 17°C; mini-
mum night temperature, 8°C–9°C). Curve 3 was measured November
5 (mean temperature, 18°C; minimum night temperature, 9°C).
Curves 4 to 6 were measured on November 6, 7, and 9, when the
mean temperature increased to 25°C and minimum night tempera-
tures were 11°C. Values of the quantum yield of O2 evolution
(average 6 SE): curve 1, 0.074 6 0.009; curve 2, not measured; curve
3, 0.038 6 0.013; curve 4, 0.038 6 0.002; curve 5, 0.047 6 0.013;
curve 6, 0.099 6 0.014. Corresponding values of dark-adapted Fv/Fm

(average 6 SE) were; curve 1, 0.809 6 0.010; curve 2, not measured;
curve 3, 0.812 6 0.005; curve 4, 0.822 6 0.003; curve 5, 0.818 6
0.04; and curve 6, 0.821 6 0.003.

Figure 2. Net CO2 assimilation in air, 360 ppm CO2 (A), net CO2

assimilation at 900 ppm CO2 (B), and stomatal conductance in air (C)
of leaves of V. vinifera cv Riesling. This figure compares controls (F),
CL leaves (‚), and CL leaves with the roots heated at 30°C during the
night (ƒ).
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plants (curve 4, Fig. 1) recovered to some extent after 3 d
inside the cold room (maximum photosynthesis increased
from 5.2 6 2.9 to 16.6 6 1.5, and the quantum yield in-
creased from 0.038 6 0.002 to 0.076 6 0.009).

Effects of Low Night Temperatures on Potted Plants with
Different Root Temperatures

Figure 2 compares the light-response curves of control
plants inside the greenhouse and plants chilled to 5°C in a
cold room, and shows that CO2 assimilation in normal air
(360 mmol mol21 CO2) in the controls was about double
that in cold-treated plants. No difference was observed
between plants with cold roots and those with heated
roots. When CO2 assimilation was measured at 900 mmol
mol21 CO2 (Fig. 2), the rates were almost double in both
control and chilled plants, but compared with controls,
maximum photosynthesis remained depressed in cold-
treated plants. Again, no difference was observed between
plants with cold roots and those with heated roots. The
stomatal conductance of chilled plants was only about 10%
of controls, showing that stomatal closure was an impor-
tant response to cold night treatments.

Effects of Night Chilling before and after Illumination and
Water Stress on Photosynthesis and Leaf Water Relations:
Comparison of Different Species and Cultivars

Figure 3 shows the light-response curves of net O2 evo-
lution (corrected for dark respiration rates) of chilled leaves
before and after exposure to light. Dark-chilled leaves of V.
riparia behaved as control leaves, but showed a large re-

duction in photosynthesis after illumination for 90 min. In
contrast, in the three cultivars of V. vinifera, there was a
clear reduction in photosynthetic O2 evolution following
CD treatments, the extent of which varied between culti-
vars. Further reductions in O2 evolution of chilled leaves
were observed after illumination, except in cv Chardonnay,
in which O2 evolution was similar under both CD and CL
treatments.

Table I summarizes the responses of control, chilled, and
water-stressed leaves from different species and cultivars.
In all cases, CO2 assimilation and stomatal conductance in
normal air were reduced after night chilling, as was the
light-saturated rate of O2 evolution. Leaf water deficit was
higher in chilled leaves than in controls. Interestingly, leaf
water deficit before illumination in V. riparia was equal to
that of control plants, whereas in the three cultivars of V.
vinifera it was higher.

Table I shows that, irrespective of whether water stress
was applied drastically (cut shoots of V. riparia) or slowly,
the effects on gas exchange were similar to those of chilling.
Thus, the most severe water deficit in V. riparia (16.2%) was
similar to the most extreme water deficit following chilling
(CL treatment of V. vinifera cv Gordot, 16.3%) and in both
cases CO2 fixation in air was negative.

In V. riparia and V. vinifera cv Riesling the extent of water
deficit was higher in water-stressed plants, whereas cv
Gordot and cv Chardonnay showed the opposite pattern.
In general, water stress caused a greater reduction in sto-
matal conductance, but the reduction in CO2 assimilation
and O2 evolution was similar in chilled and water-stressed
leaves (except O2 evolution in cv Chardonnay, which was
more affected by water stress).

Figure 3. Light response curve of net O2 evolution (corrected for respiration rates) at 2.5% CO2 for different species and
cultivars of grape. The treatments are: controls (F), CD (Œ), and CL (‚).
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Relationship between ETR and Net O2 Evolution

Figure 4 shows the relationship between the calculated
ETR and the net O2 evolution (values corrected for respi-
ration) in V. riparia leaves. The plots are from data gathered
from plants growing outdoors in soil (Fig. 1) for the control
plants (curves 1 and 6) and the more stressed plants (curve
3). Data for the other days of the same period lie between
these two extremes (not shown). It is clear that ETR was
reduced by less than 50% by chilling, whereas O2 evolution
was reduced by about 80%. This results in a considerable
change in the slope of the relationship of ETR to O2 evo-
lution (from 5.6–15.7).

The same effect was observed in chamber-chilled leaves
for all of the tested species and cultivars (Fig. 5), although
the extent of the slope change was species- and cultivar-
dependent. The slope of the ETR to O2 evolution relation-
ships were similar in all controls (5.5), and close to that
expected in the absence of photorespiration (about 4; Krall
and Edwards, 1992). The slope increased in response to
chilling in all V. vinifera cultivars, and a further increase
was observed in CL treatments (the values for V. vinifera cv
Chardonnay are the initial slopes of the curvilinear rela-
tionships). The slope of this relationship in the CD treat-
ment was intermediate except for V. riparia leaves, in which
it was similar to that of controls (not shown). The reduc-
tions in ETR in this experiment were relatively small, and
the change in the slope was mainly due to decreases in O2

evolution. Increases in NPQ as a result of chilling were
greatest at about 1,500 mmol photon m22 s21 in all three
cultivars of V. vinifera (not shown), but at 2,000 mmol
photon m22 s21, NPQ was similar in leaves of control and
chilled plants. The increase in NPQ accounted for the de-
crease in the calculated ETR.

Figure 4. The relationship between ETR and net O2 evolution (cor-
rected for respiration rates) from curves 1 and 6 (F) and curve 3 (‚)
of Figure 1. The slopes of these relationships are 5.6 for controls and
15.7 for stressed leaves. The relationships for the other curves lie
between these two curves (not shown).Ta
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Gross O2 Evolution, Net CO2 Assimilation, and
O2 Uptake: Effects of Chilling and Water Stress

Control leaves maintained almost constant high rates of
gross O2 evolution at high CO2 concentrations, from about
1.5% CO2 to about 0.5%, when rates started to decrease (in
V. vinifera cv Chardonnay the rate remained constant until
about 0.2% CO2). Curves of net CO2 assimilation almost
matched those of gross O2 evolution at high CO2 concen-
trations, and O2 uptake was near zero in V. riparia and V.
vinifera cv Riesling and very low (2 mmol m22 s21) in V.
vinifera cv Chardonnay and cv Gordot. When gross O2

evolution began to decrease slightly, a drastic reduction of
net CO2 assimilation was observed, which was paralleled
by an increase in O2 uptake (Figs. 6, 7, and 8). Leaves of V.
vinifera cv Chardonnay followed a slightly different pat-
tern. Although high rates of gross O2 evolution were main-
tained through a wide range of CO2 concentrations, the net
CO2 assimilation started to decrease earlier (at about 1.5%
CO2) and O2 uptake increased continuously through the
whole range of CO2 concentrations (Fig. 9). The O2 uptake
rates in control cv Chardonnay plants were the highest
measured during these experiments.

Chilled and water-stressed leaves followed similar pat-
terns for CO2-response curves. All of the stressed leaves
showed some reduction in gross O2 evolution, even at very
high CO2 concentrations (2.5%). The extent of this reduc-
tion differed depending on the species and cultivar, but
was similar in chilled and water-stressed leaves. Net CO2

assimilation in chilling and water stress treatments also

declined at high CO2 concentrations, to a greater extent
that gross O2 evolution, which implies a high rate of O2

uptake even at these high CO2 concentrations. The rates of
O2 uptake at high CO2 concentrations were between 2 and
6 mmol O2 m22 s21 and seemed to be CO2 independent
until the CO2 concentration dropped below 2.0% (Figs. 6, 7,
8, and 9). When the CO2 concentration decreased, the rate
of net CO2 assimilation decreased to zero, which was ac-
companied by an increase in O2 uptake. Gross O2 evolution
remained almost constant or dropped, depending on the
species and cultivar.

DISCUSSION

Our experiments, like those of Báló et al. (1991), show
that leaves of grapevines growing outdoors and in green-
houses show large decreases in photosynthesis following
night chilling and brief subsequent exposure to bright
light. Similar effects have been observed in field measure-
ments after chilling nights (H. Schultz, personal communi-
cation). Differences in these responses were evident be-
tween cultivars, but need to be explored in further
experiments. It is well known that leaf transpiration is
reduced in chilled leaves of chilling-sensitive plants (Häll-
gren and Öquist, 1990). Stomatal conductance in grapevine
leaves in normal air was reduced to 10% to 25% of control
values by night chilling, and this presumably accounted for
part of the depression in photosynthesis. The observed
reduction in stomatal conductance was associated with an

Figure 5. The relationship between ETR and net O2 evolution (corrected for respiration rates) from data in Figure 3. The
treatments shown are controls (F) and CL (‚). The data from CD treatments lie between these curves, except for V. riparia
(not shown). The slopes of the relationships are: V. riparia control, 5.6; CD, 5.5; CL, 20.7; V. vinifera cv Riesling control,
5.8; CD, 6.7; CL, 8.3; V. vinifera cv Gordot control, 5.6; CD, 7.1; CL, 11.6; and V. vinifera cv Chardonnay control, 5.6; CD,
12.7; CL, 16.7.
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increase in leaf water deficit in our experiments, especially
in CL treatments, in which chilled plants were subse-
quently exposed to light.

Water stress is a characteristic response to chilling (Häll-
gren and Öquist, 1990; Boese et al., 1997), and is thought to
be caused by a combination of two factors: an increase of
water viscosity due to increased hydrogen bonding that
reduces water flow through xylem vessels, and increased
hydraulic resistance in the roots due to reduced permeabil-
ity of root cells to water at low temperature (Kramer, 1983;
Hällgren and Öquist, 1990). Chilling-associated inhibition
of photosynthesis in grapevine was present even when
roots were heated, so the response in grapevine may be
dominated by hydraulic properties of the stem xylem sys-
tem, as is found during water stress (Schultz and Mat-

thews, 1988b; Salleo and Lo Gullo, 1989; Lovisolo and
Schubert, 1998).

Photosynthesis in leaves of chilled grapevine plants re-
mained far below that of controls, even when CO2 concen-
tration was increased to 900 mmol mol21, a concentration
that should overcome stomatal limitations to CO2 diffusion
in these plants (Escalona et al., 1999). Non-stomatal effects
on photosynthesis were confirmed by reductions in net O2

evolution at very high CO2 concentrations (about 2%–2.5%)
in O2 electrode systems and in a mass spectrometer. Such
non-stomatal effects are consistent with recent results from
Boese et al. (1997), who observed a reduction of photosyn-
thesis in chilled leaves even when they were chilled inside
a chamber at high CO2.

Many processes could be involved in non-stomatal re-
duction of photosynthesis in chilled, water-stressed leaves.
Down-regulation of photochemical reactions has been con-
sidered important (Báló et al., 1991; Chaumont et al., 1995;
Kingston-Smith et al., 1997; Jung and Steffen, 1997). This is
unlikely in our experiments because the morning Fv/Fm

was always higher than 0.8, indicating that a sustained

Figure 6. Patterns of gas exchange as a function of CO2 concentra-
tion in leaf discs of V. riparia. All measurements were made at an
incident PPFD of 1,000 mmol photons m22 s21. The CO2 concen-
tration within the closed gas exchange system was approximately
3.0% at the beginning of the experiment and was allowed to deplete
to a steady-state value as a consequence of CO2 assimilation. Values
obtained during photosynthetic induction at high CO2 have been
omitted. Data are provided for simultaneous gross O2 evolution, net
CO2 uptake, and net O2 evolution. The controls (F) are shown for
both CL experiments (left column graphs, ‚) and water-stress exper-
iments (right column graphs, E). Means of three replicates 6 SE are
shown.

Figure 7. Patterns of gas exchange as a function of CO2 concentra-
tion in leaf discs of V. vinifera cv Gordot. Replicates not considered
for averaging are depicted separately and differentiated with inner
symbols. Major symbols as in Figure 7. Means of three replicates 6
SE are shown.
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reduction in photochemistry had little effect. Although we
did not observe photoinhibition during the experiments,
NPQ increased slightly in chilled leaves at intermediate
light intensities and was accompanied by some reduction
of ETR (calculated from fluorescence or measured as gross
O2 evolution), as would be expected if photosynthetic CO2

assimilation was impaired. In grapevines, NPQ seems to be
almost completely related to the xanthophyll cycle (Chau-
mont et al., 1995, 1997; J. Flexas and H. Medrano, unpub-
lished results).

We conclude that chilling and water stress may have had
direct effects on carbon metabolism through effects on the
activity of PCR cycle, perhaps by impairing enzyme acti-
vation (Hällgren and Öquist, 1990; Sassenrath et al., 1990).
Reduced RuBP regeneration with little or no effect on
Rubisco activity has been observed in various water-
stressed plants (Giménez et al., 1992; Gunasekera and
Berkowitz, 1993; Lawlor, 1995) and grapevine (Escalona et
al., 1999). Interestingly, non-stomatal effects appear after
only one night of chilling, whereas prolonged water stress

is necessary to observe the same effects (Giménez et al.,
1992; Gunasekera and Berkowitz, 1993; Lawlor, 1995; Me-
drano et al., 1997).

Our experiments show reduction in ETR and gross O2

evolution in response to both chilling and drought. How-
ever, net CO2 assimilation and net O2 evolution decreased
more than the rate of electron transport, which is consistent
with the observed increased O2 uptake. In several experi-
ments the relative increase in O2 uptake in response to
chilling and drought persisted at high CO2 concentrations
(2–6 mmol O2 m22 s21 at 2.5% CO2, depending on the
species and cultivar) that should have eliminated RuBP
oxygenase activity. It is possible that such O2 uptake was
due to electron transport to O2, especially if Rubisco activ-
ity was reduced by chilling and/or water stress, as ob-
served in other chilling-sensitive species (Hällgren and
Öquist, 1990; Kingston-Smith et al., 1998). However, this
criterion for distinguishing between O2 uptake via RuBP
oxygenase or the Mehler reaction (Canvin et al., 1980;
Gerbaud and André, 1980, 1986; Badger, 1985; Stulfauth et

Figure 8. Patterns of gas exchange as a function of CO2 concentra-
tion in leaf discs of V. vinifera cv Riesling. Replicates not considered
for averaging are depicted separately and differentiated with inner
symbols. Major symbols as in Figure 7. Means of three replicates 6
SE are shown.

Figure 9. Patterns of gas exchange as a function of CO2 concentra-
tion in leaf discs of V. vinifera cv Chardonnay. Replicates not con-
sidered for averaging are depicted separately and are differentiated
with inner symbols. Major symbols are as in Figure 7. Means of three
replicates 6 SE are shown.
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al., 1990; Wu et al., 1991; Osmond and Grace, 1995; Tour-
neux and Peltier, 1995; Biehler and Fock, 1996; Kozaki and
Takeba, 1996; Park et al., 1996; Fryer et al., 1998) is uncer-
tain in our detection system and in all of the others used
thus far.

The large boundary layer in the unstirred mass spec-
trometer gas-exchange chamber, and the possibility of ex-
tremely tight stomatal closure in response to very high CO2

concentrations therein, could present insuperable barriers
to CO2 supply to chloroplasts. That such barriers exist is
indicated by the fact that CO2 fixation tended to reach a
compensation point at high CO2 concentrations in the
chamber. Even in control leaves, the rate of O2 uptake
began to increase when the CO2 concentration was still
0.5%, when the ratio of ETR to O2 evolution remained
about 5.5, which is close to the theoretical value in the
absence of photorespiration. As CO2 concentrations in the
chamber decreased, the rate of O2 uptake increased to
values of 10 to 20 mmol O2 m22 s21, an increase that can be
ascribed to O2 uptake by Rubisco, which supports carbon
flux through the PCO-PCR cycles.

It is unlikely that mitochondrial respiration and chloro-
respiration contributed much to CO2-insensitive O2 uptake
in the light, because these processes are known to decrease
under chilling (Hällgren and Öquist, 1990) and drought
(Thorneux and Peltier, 1995; Biehler and Fock, 1996). The
rate of CO2-insensitive O2uptake was sometimes as high as
30% of gross O2 evolution, which is similar to that observed
by Biehler and Fock (1996) in drought-stressed wheat
leaves. The apparently contrary observations of Thorneux
and Peltier (1995) may arise from the different methods
applied to achieve water stress. Whereas we (and Biehler
and Fock [1996]) dehydrated the plants slowly by with-
holding water, Thorneux and Peltier (1995) dehydrated the
plants rapidly by passing a desiccating air flow over the
leaf surface, a method that could cause short-term stomatal
effects to predominate.

In summary, we show that the large depression of pho-
tosynthesis in grape leaves after intact plants have been
exposed to chilling nights followed by a brief period in the
light is similar to that found in water-stressed leaves. Al-
though stomatal effects can be detected, non-stomatal ef-
fects predominate in these treatments, as well as in grape-
vines exposed to slowly developed water stress. Net
photosynthetic CO2 assimilation may approach zero after a
few days of night chilling, and under these conditions high
rates of O2 uptake in the light are observed. At low CO2

concentrations O2 uptake is presumably due to Rubisco,
and linked carbon flux through the PCR-PCO cycles serves
as the major sink for photosynthetic electron transport. At
the CO2 saturation used to demonstrate residual non-
stomatal inhibition of photosynthesis, persistent O2 uptake
presumably involves electron flow to O2. Provided mech-
anisms for the detoxification of reactive oxygen species
(Asada and Nakano, 1978; Miyake et al., 1998) remain
active under stress, they serve to dissipate excitation
through electron transport to O2 as an alternative acceptor
to CO2. Chilling- and drought-induced water stress en-
hance both O2 uptake processes in grape leaves, and both
processes sustain relatively high rates of electron flow as

CO2 exchange approaches zero in stressed leaves. These
high ETRs presumably maintain high DpH and high NPQ,
dissipating excess light as heat and affording photoprotec-
tion to the photosynthetic apparatus (Schreiber and
Neubauer, 1990; Neubauer and Yamamoto, 1992; Schreiber
et al., 1994; Osmond and Grace, 1995).
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